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Several lines of evidence suggest that sensory nerves
ending at the skin have profound influences on their
target, the epidermis. To test the hypothesis, we
examined the consequences of denervation on the
paw skin of rats by eliminating its innervation. We
investigated temporal changes of nerve degeneration,
keratinocyte proliferation and differentiation, gene
expression, and epidermal thickness. Nerve terminals
in the epidermis began to degenerate within 24 h after
denervation. All epidermal nerves were completely
degenerated by 2 d. During the interval of nerve
degeneration, there was a significant reduction of
bromodeoxyuridine incorporation from 24 h of nerve
injury (39 K 7% of the control side, p 0.01). By 2 d,
there was a further reduction of bromodeoxyuridine
labeling (11 K 8%, p < 0.0001). The incorporation of
Sensory nerves have close contact with keratinocytes ofthe epidermis. The functions of sensory nerves werethought exclusively to transduce noxious stimuli fromexternal environments to the brain. Several lines ofevidence, however, suggest that sensory nerves can influ-
ence their targets in the skin by releasing neuropeptides (Kruger
and Halata, 1996). For example, calcitonin gene-related peptide
(CGRP) modulates the ability of antigen presentation in epidermal
Langerhans cells (Hosoi et al, 1993; Asahina et al, 1995). These
findings raise the possibility that sensory nerves have the potential
of influencing keratinocytes as well.
The thickness of epidermis is modulated by a delicate balance
between growth and differentiation of keratinocytes. Keratinocytes
are dynamically regulated by positive and negative signals for
proliferation and differentiation including retinoic acid, calcium
concentration, integrins, and various trophic factors, such as trans-
forming growth factors (Fuchs, 1990). Direct evidence for the
influence of sensory nerves on keratinocyte proliferation is lacking.
Epidermal nerves are enriched with protein gene product 9.5
(PGP) (Wang et al, 1990; Kennedy and Wendelschafer-Crabb,
1993), a ubiquitin carboxy hydrolase (Wilkinson et al, 1989).
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bromodeoxyuridine remained depressed when the skin
was denervated (35 K 11%, p < 0.01). Four days after
eliminating skin innervation, the denervated epidermis
became thinner than the control epidermis (70 K 8%
of the control, p < 0.01). Epidermal thinning was
associated with a significant decrease in expression
of glyceraldehyde-3-phosphate dehydrogenase and
b-actin transcripts (33 K 8% of the control
epidermis from postoperative day 4, p < 0.001). Other
aspects of keratinocyte differentiation, including the
patterns of keratin expression, and programmed cell
death, were unaltered by skin denervation. These data
indicate that skin denervation is sufficient to influence
keratinocyte proliferation and therefore epidermal
thickness. Key words: bromodeoxyuridine labeling/denerva-
tion/epidermal thinning/protein gene product 9.5. J Invest
Dermatol 113:579-586, 1999
Ubiquitin hydrolase plays an important part in the ubiquitin–
proteasome pathway, including the regulation of transcription
(Ciechanover, 1994; Wilkinson, 1995), and is recognized as the
product of an immediate-early gene (Hedge et al, 1997). PGP is
therefore likely an important mediator for sensory transduction,
processing, and integration. Epidermal nerves expressing PGP can
be eliminated by nerve injury, and we showed that denervation
had profound effects on the targets of nerves: keratinocytes,
Langerhans cells, and Schwann cells (Hsieh et al, 1996; Lin et al,
1997). Thinning of the epidermis, and upregulation of PGP in
Langerhans cells are consistent findings after skin denervation in
rats (Hsieh et al, 1996; Li et al, 1997). Sensory innervation
can influence the proliferation, differentiation, and survival of
keratinocytes, but specific mechanisms remain intriguing issues.
To examine these possibilities, we denervated rat skin by eliminat-
ing its innervation, and compared keratinocyte proliferation and
differentiation between the control and denervated skin. Our results
provide evidence for the mechanism of sensory innervation on
epidermal thickness through influencing keratinocyte proliferation.
MATERIALS AND METHODS
Animal surgery of denervation We adopted the well-established nerve
injury model by cutting the sciatic nerve of male 8 wk old Sprague–
Dawley rats (200–250 g) (Hsieh et al, 1996). The sciatic nerve innervates
the plantar side (glabrous skin) of hind paws in rats. Nerves distal to the
cut end are degenerated in a stereotyped fashion, Wallerian degeneration
(Griffin and Hoffman, 1993). Under chloral hydrate anesthesia, the sciatic
nerve on the right side was transected at the thigh level. A segment (3–
5 mm) of the transected nerve was removed. The sciatic nerve on the left
side was sham-operated as the control. To avoid mechanical damage to
the paw skin, animals were housed in plastic cages.
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Immunocytochemistry Animals were killed by intracardiac perfusion
with 4% paraformaldehyde in 0.1 M phosphate buffer. The skin of hind
feet in the territory of the sciatic nerve was postfixed for 2–4 h. Vertical
sections (30 mm) were cut on a sliding microtome. Both transverse and
vertical sections were collected. To ensure adequate sampling, every fourth
section for each tissue was chosen for immunostaining as described before
(Hsieh et al, 1996). After the avidin–biotin reaction (ABC Elite kit, Vector,
Burlingame, CA), the reaction products were demonstrated with 3,3c-
diaminobenzidine (Sigma, St Louis, MO). Other primary antibodies
included PGP (1:1000, UltraClone, Isle of Wight, U.K.), CGRP (1:1000,
a kind gift of Dr. Ian Dickenson, Miami, FL), and cytokeratin 10 (K8.60,
1:100, Sigma), cytokeratin 13/15/16 (K8.12, 1:50, Sigma), cytokeratin 14
(no. 199, 1:50, a generous gift of Dr. P. Coulombe, Johns Hopkins
University, Baltimore, MD). In these experiments, the specificity of each
antibody was tested by omission of the primary antibody or substituting
the primary antibody with preimmune serum. Patterns of keratin expression
was evaluated according to the localization of immunoreactivity (i.e., basal
layer versus suprabasal layers) in a blinded fashion by an independent observer.
Morphometry for epidermal thickness For comparison of the epi-
dermal thickness, skin tissues were embedded in paraffin. The handling of
tissues was reported previously (Hsieh et al, 1996). Skin tissues from the
control and denervated sides were processed simultaneously. Care was
taken to ensure all the tissue blocks were embedded in correct orientation,
Figure 1. Innervation and denervation of the rat hindpaw skin.
Sections of rat hindpaws were immunostained with PGP. Nucleated layers
of the epidermis were designated by opposing arrowheads. In normal skin
(a), epidermal nerves with typical varicosities (arrows) ascended to the upper
portion of granular layers. Nerves in the subepidermal plexus (the lower
arrowhead) paralleled the epidermal–dermal border. Dermal nerve trunks
running in the dermal papilla (*) had a continuous linear staining pattern
different from that of epidermal nerves. In the denervated epidermis (b),
epidermal and dermal nerves were completely degenerated. Characteristic
dendritic Langerhans cells became immunoreactive for PGP. Scale bar:
25 µm.
Figure 2. Temporal changes in epi-
dermal thickness after skin denerva-
tion. One week after nerve injury, the
denervated epidermis (b) was thinner than
the control epidermis (a). Temporal
changes of epidermal thickness (c) and ratio
of epidermal thickness (d) indicated that
there was substantial epidermal thinning
beginning from 4 d after denervation. Data
were expressed as mean 6 SD (n 5 5)
with open circles for control skin, and
closed squares for denervated skin. Statis-
tical significance between the control and
denervated sides at each time point was
assessed by t test (*p , 0.05). Scale bar:
40 µm.
and sectioned perpendicularly. For each tissue, sequential sections of 5 mm
were cut and every fifth section was stained with hematoxylin and eosin.
Sections were observed at the magnification of 203 with a Zeiss Axiophot
microscope (Carl Zeiss, Jena, Germany). Three sections per tissue were
used for assessing epidermal thickness (the distance between the epidermal–
dermal junction and the outermost granular layer). Epidermal thickness
was measured with the Image-Pro PLUS system (Media Cybernetics, Silver
Spring, MD). All the procedures of quantitation, including photography,
printing, and measurement were done in a coded fashion. The observers
were blinded to the coding information. On each slide, five to 10
measurements were made with an interval of 100 mm along the strip
of epidermis.
Epidermal sheet preparation Epidermal sheets were prepared following
the established protocol (Hsieh et al, 1996). Punches of skin by a
3 mm Acupunch (Acuderm, Ft. Lauderdale, FL) was incubated with
ethylenediaminetetraacetic acid (Sigma) for 2 h at 37°C. The epidermis
was removed from the underlying dermis under a dissecting microscope.
The quality of these preparations was assessed in preliminary studies in
which epidermal sheets were fixed, sectioned perpendicularly, and stained
with hematoxylin.
Reverse transcription–polymerase chain reaction (PCR) We per-
formed reverse transcription–PCR on epidermal sheets. Rats were
anesthetized and killed by cardiac puncture at various time intervals
following denervation. One 3 mm skin punch was taken from the sole of
each side of the animals. The site of the skin punch was in the center of
the sole, surrounded by footpads, and was comparable among different
animals. Epidermal sheets were prepared as described above, quickly frozen
in dry ice and stored at –70°C until use. The extraction of RNA followed
the guanidine isolation method (Chomczynski and Sacchi, 1987). Epidermal
sheets were homogenized with RNA STAT-60 (TEL-TEST, Friendswood,
TX) containing guanidine thiocyanate and phenol. Total RNA was
extracted with chloroform, precipitated with isopropanol, washed with
ethanol, and dried to pellet with speed vacuum. The reverse transcription–
PCR followed established protocols (Wesselingh et al, 1993; Lin et al,
1997). Briefly, the RNA pellets were resuspended with water to make
cDNA by adding AMV reverse transcriptase, dNTP, oligo(dT), and random
primers (cDNA synthesis kit, Boehringer Mannheim, Germany). PCR was
carried out with 10 mM dNTP, 50 mM of 59 primers and 39 primers and
1.25 U Taq DNA polymerase (Boehringer Mannheim) in a GeneAmp
PCR system (PE Applied Biosystems, Foster City, CA). Different thermal
cycles (15, 20, 25, 30, and 35) of PCR were used to ensure that the
quantitation was in the linear range (20–30 cycles). To achieve the best
results for quantitation, we performed PCR with the following parameters:
initial denaturation at 95°C for 1 min, 25 thermal cycles (95°C for 15 s
and 60°C for 60 s) and followed by extension at 72°C for 6 min. The
PCR products were resolved on 1.2% agarose gels, and transferred to a
Hybond-N nylon membrane (Amersham, Arlington Heights, IL) overnight.
The blots were hybridized with specific probes labeled with 32P (3000 Ci
per mM) in a 55°C oven overnight. The hybridized blots were washed
with standard saline citrate of different stringency: 63 and 23 standard
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Figure 3. Linear relation between signals of transcripts and the
initial abundance of RNA by reverse transcription–PCR. The results
of reverse transcription–PCR for b-actin (a) from 1/8, 1/4, 1/2, 1, and 2
epidermal sheets were quantitated by densitometry. (b) Densitometric data
were plotted against the initial number of epidermal sheets (closed squares).
The analysis by linear regression indicated that signals of reverse transcrip-
tion–PCR for β-actin were correlated with the initial number of epidermal
sheets (r 5 0.9, p , 0.0001). Dotted lines designated the 95% confidence
interval.
saline citrate, dried with 3 M filter paper, and exposed to X-ray film. The
X-ray films were scanned by a Personal Densitometer equipped with the
ImageQuant software (Molecular Dynamics, Sunnyvale, CA). To avoid
run-to-run variations, all the tissues were processed at the same time.
Appropriate positive and negative controls were included at each step:
RNA extraction, cDNA synthesis and PCR.
The nucleotide sequences of primers and probes, with their corresponding
positions in mRNA for β-actin, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), and PGP are given as follows. β-actin (Nakajima-Iijima et al,
1985): 59 primer GTGGGCCGCCCTAGGCACCA (1344–1363), 39
primer CTCTTTAATGTCACGCACGATTTC (2411–2434), probe TT-
CTACAATGAGCTGCGTGTGGCCCCTGAG (1596–1625). GAPDH
(Tso et al, 1985): 59 primer ACCACCATGGAGAAGGATGG (331–350),
39 primer CTCAGTGTAGCCCAGGATGC (839–858), probe GTA-
GAAGGACTCATGACCACAGTCCATGCC (535–564). PGP (Kajimoto
et al, 1992): 59 primer ATGAAGCAGACCATCGGGAAC (277–297), 39
primer GCTAAAGCTGCAAACCAAGGG (761–781), probe GAAA-
GGCATTCGCCCATCGAGCTCGTAGAG (547–576).
The primers and probes were designed to cross introns, and the probes
were internal to both primers. The generated products were 540 bp for
β-actin, 527 bp for GAPDH, and 505 bp for PGP. In one preliminary
experiment, we performed reverse transcription–PCR with 35 thermal
cycles, and ran the products on 1.2% agarose gel with appropriate molecular
weight markers. The amplified products were in the correct range. Reverse
transcription–PCR products were further sequenced with an automated
373A DNA Sequencer (PE Applied Biosystems, Foster City, CA) to
confirm the identity.
In another experiment, epidermal sheets were pooled together and
homogenized. Reverse transcription–PCR was started with total RNA of
the abundance equivalent to 2, 1, 1/2, 1/4, and 1/8 epidermal sheets
(dilution series). The experiment was triplicated, and the results were
analyzed with the linear regression model. This experiments was aimed to
establish the correlation between housekeeping gene transcripts and the
abundance of RNA from the initial volume of epidermal sheets.
Bromodeoxyuridine (BrdU) incorporation studies Animals were
intraperitoneally injected with BrdU (Sigma) in normal saline (100 mg per
g), and killed 1 h later by intracardiac perfusion with 4% paraformaldehyde
(Porter et al, 1998). Footpads from the operated and control sides were
postfixed for another 2 h, and sectioned on a sliding microtome. Another
group of rats was killed by overdose of chloral hydrate, and processed for
epidermal sheet preparation. Sliding microtome sections and epidermal
sheets were subject to immunocytochemistry with anti-BrdU antibody
(1:100, DAKO, Denmark). Immunostaining procedures were carried
out with following modifications: pretreatment with trypsin (Boehringer
Mannheim) for 15 min and denaturation of the DNA with hydrochloric
acid. Quantitation of BrdU labeling was performed in a coded fashion.
Observers were blind to the information. Epidermal sheets were photo-
graphed with 100´ objective lens under a Zeiss Axiophot microscope. For
sampling, epidermal sheets were divided into tiles of 0.4 mm2 with assigned
consecutive numbers (beginning from 1) on each tile as described before
(Hsieh et al, 1994). Tiles were chosen based on random numbers from a
statistical table. The sampled areas covered more than 50% of an epidermal
sheet. All BrdU(1) cells in the selected tiles were counted, and expressed
as [BrdU(1) cells per mm2].
Terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick-end labeling (TUNEL) TUNEL was performed with two
methods. One was according to the published protocol (Botchkarev et al,
1998b), and the other one was modified from that of Gavrieli et al (1992).
In the later method, free-floating sections and epidermal sheets were
incubated with proteinase K (10 mg per ml, Boehringer Mannheim) for
30 min at room temperature. Endogenous peroxidase was quenched with
1% H2O2 for 30 min. End-labeling was then performed with a digoxigenin
(Dig)-labeled TUNEL kit (Boehringer Mannheim) according to the
manufacturer’s instruction. After incubation at 37°C for 15 min, sections
were rinsed in 23 standard saline citrate for 15 min, blocked with 5%
normal serum in Tris buffer. The sections were incubated with anti-Dig-
peroxidase antibody (1:100, Boehringer Mannheim) at 4°C for 2 h, and then
demonstrated with 3,39-diaminobenzidine as in immunocytochemistry.
Quantitation of TUNEL(1) cells in epidermal sheets was the same as that
described above for BrdU incorporation studies.
Statistical analysis At each time point after nerve injury, groups of five
animals were used in each procedure: immunocytochemistry (for each
antibody), morphometry for epidermal thickness, reverse transcription–
PCR, BrdU incorporation, and TUNEL. For adequate sampling, every
fourth section of each tissue was immunostained. The studied time points
included 1, 2, 4, 7, 14, and 28 d after denervation. An additional group
of five rats was used for the study of BrdU incorporation on day 0
(immediately after surgery). For each animal, sectioning of the sciatic nerve
was always done on the right side, and the left sciatic nerve was sham-
operated as the control. Interpretation and quantitation were performed in
a coded manner. All the parameters were expressed as the results of direct
measurement or the relative abundance (ratio of the control side). The
data were presented as mean K SD. Analyses included the t test and
Wilcoxon rank sum test between the control side and denervated side at
each time point, ANOVA and post hoc Tukey test for control and denervated
groups, and linear regression by SPSS for Windows (version 6.1, SPSS,
Chicago, IL) and GraphPad Prism (version 2.01, GraphPad Software, San
Diego, CA). Any difference with p , 0.05 was considered statistically
significant.
RESULTS
Epidermal innervation and denervation In normal skin, the
PGP-anti-serum labeled all the nerves: terminals in the epidermis
and nerve trunks at the epidermal–dermal border and in the dermis.
Normal epidermal nerves immunoreactive for PGP had a typical
varicose appearance and branching pattern.
In contrast to the normal skin, denervation by sectioning of the
sciatic nerve deprived epidermis of nerves. Within 48 h of nerve
injury, all the epidermal nerves together with the fibers paralleling
the epidermal–dermal borders disappeared (Fig 1b). Consistent
with previous observations (Hsieh et al, 1996; Mizisin et al, 1998),
dendritic-shaped Langerhans cells became immunoreactive for PGP
in denervated epidermis.
Some of the epidermal nerves were immunoreactive for CGRP.
But the number was much smaller than those positive for PGP.
CGRP(1) nerves disappeared with a comparable temporal sequence
as PGP(1) nerves (data not shown).
Thinning of epidermis after sensory denervation A charac-
teristic finding of denervated skin was the thinning of epidermis.
The control epidermis had the same organization as the denervated
epidermis (Fig 2b). The epidermis, however, was clearly thinner
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Figure 4. Temporal changes in the
abundance of transcripts after denerva-
tion. (a) Reverse transcription–PCR for
GAPDH, β-actin, and PGP on control (C)
and denervated (X) epidermal sheets with
the number for time after denervation (in
days). Signals of amplified products were
quantitated with densitometry. Data were
expressed as mean 6 SD (n 5 5) with open
circles for control epidermis and closed squares
for denervated epidermis. Statistical signi-
ficance between the control and denervated
sides at each time point was evaluated by t
test. There was a significant reduction in
GAPDH transcripts (b) from 4 d of nerve
transection (1375 6 325 vs 4203 6 160 OD,
p , 0.01). The ratios of denervated/control
GAPDH transcripts (c) reached the nadir
at 4 d of denervation and maintained at a
constant level of 56 6 8% thereafter.
Changes in PGP transcripts (d) followed a
different pattern from GAPDH transcripts
with a significant increase 7 d after denerva-
tion (4347 6 571 vs 2269 6 171 OD,
p , 0.01). The ratios of PGP/GAPDH tran-
scripts (e) delineated the denervated epi-
dermis (4–28 d) from the control epidermis
after 4 d of nerve injury. (*p , 0.05.)
on the denervated side than on the control side. To determine
how epidermal thinning was related to denervation, we examined
temporal changes of epidermal thickness. There was some degree
of epidermal thinning by 2 d, but the difference was statistically
insignificant (52 6 11 vs 55 6p 12 µm, p . 0.5, Fig 2c). Beginning
from day 4 of denervation, the denervated epidermis became
thinner than the control epidermis (42 6 7 vs 60 6 11 µm;
70 6 8% of the control side, p , 0.001, Fig 2c, d). During the
period of experimental denervation (up to 28 d after sectioning of
the sciatic nerve), the relative thickness of epidermis (denervated
versus control) was 64 6 4% (p , 0.022, Fig 2d).
Reduction of housekeeping gene expression in denervated
epidermis To determine whether epidermal thinning was
correlated with the abundance of transcripts in the epidermis,
we carried out reverse transcription–PCR and compared gene
expression of GAPDH and β-actin. Both are ubiquitous genes, and
the regulation of their transcripts is related to cell cycle or
proliferation (Meyers-Siegler et al, 1992; Rahman-Mansur et al,
1993). To ensure quantitation was in the linear range, we performed
reverse transcription–PCR with epidermal sheets of defined size
(3 mm in diameter). Reverse transcription–PCR was started with
total RNA from 1/8, 1/4, 1/2, 1, and 2 epidermal sheets (Fig 3a).
The abundance of amplified products for β-actin paralleled the
initial number of epidermal sheets by the analysis of linear
regression (Fig 3b, r 5 0.9, p , 0.0001). A similar trend was
observed with GAPDH. The results indicated that signals of reverse
transcription–PCR products were correlated with the initial amount
of epidermal sheets.
To investigate temporal changes of gene expression, we per-
formed reverse transcription–PCR on epidermal sheets from control
and denervated skin. The abundance of transcripts for GAPDH
and β-actin was associated with the status of epidermal innervation.
Within 4 d of denervation, there was a significant reduction in
transcripts for GAPDH and β-actin (Fig 4a). The patterns were
similar when the data were expressed as the reading of optical
density (OD) for GAPDH transcripts (1375 6 325 vs 4203 6 160
OD, p , 0.01, Fig 4b) and the relative abundance of GAPDH
transcripts (ratio of denervated/control OD: 33 6 8%, p , 0.01,
Fig 4c). The downregulation of GAPDH transcripts persisted
during the experimental period of denervation (56 6 8%, p , 0.01).
In these experiments, the area of each epidermal sheet was the
same (3 mm in diameter). The decrease in transcripts was correlated
with epidermal thinning and reflected a reduction in epidermal
volume following nerve degeneration.
Consistent with previous observations (Hsieh et al, 1996), PGP
transcripts (synthesized by epidermal Langerhans cells) were
upregulated in denervated epidermis (Fig 4a, d). There was a
reciprocal relationship between the abundance of PGP transcripts
and that of GAPDH transcripts (Fig 4b, d). The ratios of transcript,
PGP normalized to GAPDH (PGP/GAPDH) reflected the status
of epidermal denervation (Fig 4e). In all control epidermal sheets
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Figure 5. Reduced incorporation of
BrdU in denervated skin. Immunocyto-
chemical patterns of BrdU on vertical sec-
tions of the skin (a, b) and epidermal sheets
(c, d) from the control side (a, c) and
denervated side with nerve injury 7 d
earlier (b, d). Nucleated layers of the epi-
dermis were designated by opposing arrows.
BrdU(1) cells were in the basal layer,
and BrdU labeling was reduced in the
denervated skin on both preparations.
Quantitation of BrdU incorporation was
presented as BrdU(1) cells per mm2 epi-
dermal sheet (e), and the relative labeling
index (f). Data were expressed as
mean 6 SD (n 5 5) with open circles for
control epidermis, and closed squares for
denervated epidermis. Statistical signific-
ance between the control and denervated
sides at each time point was assessed by t
test. BrdU labeling on the denervated side
was reduced within 1 d, and reached the
nadir at 2 d after sectioning of the sciatic
nerve (11 6 8% of the control side,
p , 0.0001). The labeling gradually reco-
vered, and maintained at a level of 30–
45% during the period of denervation.
(*p , 0.01; #p , 0.001.) Scale bar: (a, b)
20 µm; (c, d) 40 µm.
(1–28 d), the ratios were similar, 0.69 6 0.17 (p 5 0.9 by ANOVA).
Within 4 d, there was a substantial increase in the PGP/GAPDH
ratio (1.99 6 0.14 vs 0.71 6 0.19, p , 0.01). The increase in the
ratio of PGP/GAPDH transcripts continued when the epidermis
remained denervated (2.37 6 0.55 vs 0.65 6 0.13 on 28 d after
denervation, p , 0.04).
Reduced incorporation of BrdU in denervated
epidermis There was an interval between total loss of epidermal
nerves (within 48 h), and the beginning of epidermal thinning (4 d
after denervation). Mechanisms influencing keratinocyte biology
such as decreased proliferation or increased terminal differentiation
may contribute to epidermal thinning after denervation. To study
these possibilities, we performed experiments on incorporation of
BrdU, a measurement of proliferating keratinocytes in the DNA
synthesis (S) phase (Gratzner, 1982). In normal epidermis, only a
fraction of the basal keratinocytes was in the S-phase of cell
cycle, and could incorporate BrdU (Fig 5a). In the epidermis
denervated 1 wk earlier, the number of BrdU-labeled cells was
substantially smaller than that on the control side (Fig 5b). For
quantitating BrdU labeling, we used whole-mount immunostaining
on epidermal sheets. This preparation demonstrated that all
BrdU(1) cells in the basal layer (Fig 5c, d). The incorporation of
BrdU was measured and presented as the absolute labeling [BrdU(1)
cells per mm2] (Fig 5e) and the relative labeling index (the ratio
of denervated/control) (Fig 5f ). One day after sciatic nerve
transection, BrdU labeling was decreased on the denervated side
(1220 6 219 vs 3067 6 249 cells per mm2; 39 6 7% of the control
side, p , 0.01, Fig 5e). By 2 d, there was further reduction in the
incorporation of BrdU on the denervated epidermis (407 6 63 vs
3756 6 626 cells per mm2; 11 6 8%; p , 0.0001). Within 4 d of
nerve injury, BrdU incorporation partially recovered, but the extent
of labeling on the denervated side was substantially smaller than
that on the control side (15 6 6%, p , 0.001). As long as epidermis
remained denervated, the relative labeling index of BrdU was 30–
45% (35 6 11%, p , 0.01, Fig 5f). Assuming that the duration of
the basal cells in the S phase was the same, these results implied
that the extent of keratinocyte proliferation was reduced after
denervation.
Unaltered differentiation of keratinocytes by epidermal
denervation To test whether differentiation of keratinocytes
were affected by epidermal denervation and contributed to epi-
dermal thinning, we carried out keratin immunocytochemistry and
TUNEL. During keratinocyte differentiation, different forms of
keratins, essential intermediate filaments of keratinocytes, are
expressed in a defined spatial pattern, with cytokeratin 10 in
suprabasal layers (Fuchs, 1993). Immunocytochemical patterns of
keratin expression were similar between the control and denervated
epidermis, except that there were fewer layers in the denervated
epidermis (Fig 6a, b).
Terminal differentiation of keratinocytes is considered a special
type of programmed cell death or apoptosis (Haake and Polakowska,
1993), which was assessed by TUNEL. In the positive control of
TUNEL with DNase, all the keratinocytes were TUNEL(1)
(Fig 6c). In denervated epidermis, only scanty cells in the upper
granular layer were positive for TUNEL (Fig 6d), the same as that
on the control side. We further tested whether there was apoptosis
in the basal keratinocytes by performing TUNEL on epidermal
sheets (Fig 6e). In both control and denervated epidermal sheets,
there were no TUNEL(1) cells in basal keratinocytes (Fig 6f).
The results indicated that the patterns of keratin expression and
TUNEL were similar in control and denervated epidermis.
DISCUSSION
Epidermal thinning resulting from skin denervation We
demonstrated a link between epidermal thinning and nerve degen-
eration by showing the temporal association of both events. Within
2 d after skin denervation, all epidermal nerves disappear. By 4 d,
there is a significant reduction in the epidermal thickness by 30–
40%. Epidermal nerve degeneration is a very rapid process with
the onset by 24 h and the completion of the process by 48 h after
nerve injury. Previous studies have indicated that epidermal thinning
appears as early as 1 wk after nerve degeneration (English, 1977;
Svetikova and Chumasov, 1987; Hsieh et al, 1996; Stankovic et al,
1996; Li et al, 1997). It is not entirely clear whether epidermal
thinning is directly or indirectly affected by nerve degeneration. In
addition, conventional wisdom holds that vascular influence plays
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Figure 6. Unaltered keratinocyte differentiation after denervation.
Tissues were processed for keratin immunocytochemistry (a, b), TUNEL
in vertical section (c, d), and TUNEL in epidermal sheets (e, f). Nucleated
layers of the epidermis were designated by opposing arrows. The immuno-
cytochemical pattern of cytokeratin 10 was the same on the control skin
(a) and denervated skin (b). All the nucleated cells in the denervated
epidermis were TUNEL(1) by adding DNase as the positive control for
TUNEL (c). Only scattered cells in the granular layer immediately beneath
the stratum corneum (SC) were TUNEL(1) without DNase (d). All cells
in the basal layer of denervated epidermal sheets were TUNEL(1) with
DNase as the positive control for TUNEL (e). Basal keratinocytes were
not labeled for TUNEL without DNase (f). The pattern of TUNEL in
the control epidermis was the same as that in the denervated epidermis.
Scale bar: (a, b) 20 µm; (c) 40 µm; (d) 8 µm; (e, f) 20 µm.
a major part in a clinically similar situation, atrophy of skin in sensory
neuropathy (Thomas and Ochoa, 1993). By skin denervation, we
demonstrate that depletion of sensory innervation alone is sufficient
to cause epidermal thinning. The temporal correlation of both
events provides unequivocal evidence of neural influences on the
maintenance of epidermal thickness in an in vivo system.
In this study, we focused our attention on the glabrous skin. An
intriguing topic is whether there are similar changes on the pilary
skin. Keratinocytes in the hair follicles are equivalents of basal
keratinocytes. Several lines of evidence suggest the importance of
neuropeptides and neurotrophins on the hair cycle (Paus et al,
1994, 1997; Botchkarev et al, 1998a). Skin denervation is likely to
influence keratinocytes of hair follicles as well. This issue will
require further investigation.
Reduced keratinocyte proliferation due to epidermal
denervation Obvious possibilities of epidermal thinning after
skin denervation include reduced keratinocyte proliferation,
speeding of keratinocyte differentiation, and enhanced programmed
cell death. To investigate all these possibilities, we examined each
step during the life span of keratinocytes. In particular, we evaluated
programmed cell death with different protocols in combination
(vertical sections and epidermal sheets) (Gavrieli et al, 1992;
Botchkarev et al, 1998b). The purpose was to test the following
hypotheses: (i) whether there is enhanced terminal differentiation
in the epidermis, and (ii) whether there is apoptosis in the basal
layer of the epidermis resulting in decreased number of keratinocytes
incorporating BrdU. There were rare TUNEL(1) cells in the
upper granular layers, but there was no significant difference
between the denervated side and the control side. The findings
suggest that terminal differentiation is a special type of programmed
cell death but it is not a contributing factor for epidermal thinning
after skin denervation. The overall results from BrdU incorporation,
reverse transcription–PCR for house-keeping gene transcripts,
keratin expression, and TUNEL indicate that there are fewer
keratinocytes after denervation, and keratinocyte proliferation is
the major step affected by epidermal innervation.
These findings raise one crucial issue in keratinocyte biology:
what signaling molecules are mediating keratinocyte proliferation?
This effect is mediated by diffusible factors from cutaneous nerve
terminals (Chiang et al, 1998). There are only limited data exploring
the influence of cutaneous nerves on keratinocytes. Neuropeptides
or neurotransmitters capable of promoting keratinocyte growth are
potential candidates. The nociceptive peptide, CGRP, is also a
mitogen for keratinocytes. In keratinocyte culture, exogenous
CGRP increases the proliferating activity of keratinocytes via an
increase in intracellular cyclic adenosine monophosphate (Takahashi
et al, 1993). A recent study indicates that the excitatory amino acid
neurotransmitter, glutamate, is also a promising molecule. The
presence of glutamate receptors in keratinocytes and the influence
of keratinocyte growth by glutamate suggests glutamate is a novel
signaling molecule in the epidermis (Kai-Kai and Howe, 1991;
Genever et al, 1999). The list will expand as more researchers are
exploring the mitogenic potential of neurotransmitters. All these
molecules exist for a short period of time. Once epidermal nerves
are degenerated, the source of neurotransmitters is depleted and
the trophic influence is lost.
Capsaicin, a neurotoxin specific for sensory neurons, depletes
epidermal nerves (Simone et al, 1998), and there is a reduction in
epidermal thickness (W.R. Kennedy, personal communication).
Capsaicin therefore offers a therapeutic alternative for psoriasis, a
hyperproliferative disorder caused by multiple factors. One of the
distinguishing factors of psoriasis is an increase in neuropeptide
substance P and cutaneous nerves in the lesioned skin (Naukkarinen
et al, 1989; Al’Abadie et al, 1995). Capsaicin is effective in some
psoriatic patients (Bernstein et al, 1986; Ellis et al, 1993). The
effect of capsaicin, however, is temporary and epidermal nerve
regeneration is the rule after termination of the treatment (Simone
et al, 1998).
Only 30–40% of the epidermal thickness is dependent on
cutaneous innervation because the epidermal thickness on the
denervated side is 60–70% of that on the control side. Each
type of peptidergic nerves only constitutes a small proportion of
cutaneous innervation. A combination of all these molecules is
necessary to mediate the anticipated response. Sequential use of
the antagonist for each potential neurotransmitter will dissect the
influence of individual candidate molecules.
Significance of reverse transcription–PCR in skin
biopsy The ratio of PGP/GAPDH provides a biochemical
expression of skin denervation. Keratinocytes are the major popula-
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tion in the epidermis, and thus should contribute the majority of
GAPDH. In conventional biochemical studies GAPDH and β-
tubulin are used as internal controls for gene expression, i.e., house-
keeping genes. The abundance of GAPDH is correlated with DNA
synthesis and cell proliferation (Meyers-Siegler et al, 1992; Rahman-
Mansur et al, 1993). In contrast, Langerhans cells are the major
source of PGP transcript in the epidermis (Hsieh et al, 1996). There
are some variations in the data of absolute optical densities for
transcripts among different sets of experiments. The ratios of
transcripts (PGP/GAPDH), however, remain constant. An increase
in PGP/GAPDH reflects epidermal thinning and upregulation of
PGP, which constitute skin denervation response.
The application of skin biopsy with PGP immunocytochemistry
opens a new field for diagnosing peripheral sensory nerve disorders
(McCarthy et al, 1995). This approach requires direct measurement
of the numbers of epidermal nerves, and the abundance is correlated
with the presence of various sensory neuropathies (Kennedy et al,
1996; Holland et al, 1997, 1998). The addition of PGP/GAPDH
as a biochemical parameter of skin denervation, expands the clinical
potential of skin biopsy. As expected, this ratio is elevated in the
epidermis of patients with peripheral sensory neuropathy.1
CONCLUSIONS
Cutaneous nerves influence keratinocyte proliferation, and there is
a robust reduction of epidermal thickness by 30–40% after depletion
of epidermal nerves. Reduced keratinocyte proliferation and the
elevated ratios of PGP/GAPDH provide new markers for evaluating
skin innervation. Collectively, these results are important not only
in understanding keratinocyte biology, but also in extrapolating its
significance for clinical application.
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